In this study, the protective prophylactic and post-exposur e effects of novel topical iodine preparations were demonstrated upon heat-and hydro uoric acid-induced skin lesions in the haired guinea pig. Prophylactic treatment of thermal burns with a liquid iodine preparation resulted in statistically signi cant reductions of 39% and 30%, respectivel y, in acute in ammation and hemorrhage-microscopi c dermal parameters indicative of acute tissue damage. A clear trend of iodine-induce d reduction in dermal necrosis occurred, and the epidermal healing markers, acanthosis and hyperkeratosis , were increased. Postexposure treatment of thermal burns with an iodine ointment preparation immediately after occurrence also conferred signi cant therapeutic reduction in parameters of tissue damage such as epidermal ulceration (87%), acute in ammation (58%), and hemorrhage (30%). Gross pathological evaluation showed that prophylactic and postexposur e treatments with the liquid iodine preparation signi cantly reduced the heatinduced ulceration area by 97% and 65%, respectively. In addition, immediate treatment with an ointment iodine formulation signi cantly decreased the ulceration area by 98%; its tetraglycol vehicle also had a bene cial effect. Postexposure treatment with the iodine ointment proved ef cacious upon hydro uoric acid-induced skin burns. We observed statistically signi cant reductions of 76% and 68% in ulceration areas at intervals of 5 and 10 minutes between exposur e and treatment, whereas a weaker effect was observed at a longer time interval of 15 minutes. Our ndings suggest the therapeutic usage of these newly developed iodine preparations for thermally induced and hydro uoric acid-induced skin burns.
INTRODUCTION
Thermal burns remain the major cause of traumatic injury world-wide, affecting all ages (18, 23) . The current treatment of heat-induced skin wounds includes surgical procedures such as decompressive escharotomy with transplantation and burn dressing with topical antiseptics (9) . Prehospital care, however, is of critical importance in reducing the severity of burn injury. The usual recommendation is to apply, as soon as possible, cool fresh water for at least 10 to 15 min (20) ; however, the danger of hypothermia precludes cooling of large thermal burns, especially in pediatric or elderly patients (9) . Moreover, the gelatinous impregnated blankets designed to transfer heat from the wound to the dressing should be avoided when treating infants or young children after extensive burns, and in cases of unconsciousness and shock (9) .
Iodine and its related compounds such as povidone-iodine are widely used as topical antiseptic agents (22) . Recently, a newly developed topical iodine preparation was shown to possess potent antidotal activity against mustard gas-induced skin lesions within 30 min following exposure (33) . The iodine preparation was also effective against other alkylating agents, such as iodoacetate, cantharidine, and divinylsulfone (31, 32) . These ndings led us to the supposition that the antiirritating property of iodine may be of more generalized effect (30) . The present investigation tested the protective effect of newly developed iodine formulations upon both thermal and acidic burns in a controlled experimental system. To broaden the testing of the spectrum of protective iodine activity, we evaluated its effect upon hydro uoric acid (HF), a strong skin irritant (4, 5, 27, 28) used in various industries (1) .
MATERIALS AND METHODS
Animals: Dunken Hartley male guinea pigs (600-800 g) were supplied by Harlan Laboratories Breeding Center, Ein Karem, Jerusalem, Israel. Following an acclimatization period of 7 days to ensure their suitability for the study, animals were randomly assigned to experimental groups. Test animals were kept within a limited-access rodent facility with environmental conditions set to a temperature of 20 2 C, a humidity of 30-70%, and a 12-hour light/12-hour dark cycle. Temperature and relative humidity were monitored 552 0192-6233/02$3.00 $0.00 daily. The animals were housed in lter-covered polypropylene cages with solid bottoms covered with wood shavings as bedding material. Animals were provided ad libitum access to a commercial guinea pig diet (Kofolk 19520, Netanya, Israel), and drinking water was supplied to each cage via propylene bottles with stainless steel sipper tubes. All procedures, maintenance, and treatment of the animals were in accordance with the principles of humane treatment published by the National Academy of Sciences. The Institutional Animal Care and Use Committee of the Hebrew University of Jerusalem approved the protocol.
Iodine Formulations: The preparations tested were: formulation A, the ointment formulation-2% iodine, 50% tetraglycol (TG), 10% polyvinylpyrrolidone , 38% H 2 O; formulation B, the liquid formulation-2% iodine, 98% TG; formulation A noniodine ointment vehicle-50% TG, 10% polyvinylpyrrolidone , 40% H 2 O; and formulation B noniodine liquid vehicle-100% TG.
Experimental Procedure-Heat Burns: Backs of haired guinea pigs were shaved 24 hours prior to the experiment to minimize the effect of shaving. The animals were anesthetized by 30 mg/kg sodium pentobarbital IP. Backs were cleaned with wet, soft white paper and allowed to dry. Six sites on each back, 3 on each side, were exposed to the heat source (75ºC water). Three exposure sites of each animal were treated with iodine, while the other 3 sites remained untreated. Heat exposure was accomplished using the well system. Wells were constructed on the skin by cutting a plastic tube cover (inner diameter of 1.7 cm) to form an openended cylindrical well. A thin layer of commercial silicon sealing ointment was applied to the edge of the well attached to the back of the animal so that liquid inside did not leak out. Then, 1 ml of 75 C water was applied into each well; 10 seconds later the liquid was aspirated and the exposed area immediately treated with iodine.
Three types of topical iodine treatments were tested: a) 1 ml of liquid iodine formulation B was placed in the well, b) after aspiration of hot water the well was removed and the skin was applied with 3 gauze-pad layers (2 2 cm) soaked in formulation B, c) following well removal a thin-layer of formulation A iodine ointment (40 mg) or its vehicle was applied. In all types of treatment iodine and its vehicle were removed after 2 hours. Anesthesia was maintained until the end of treatment by IP injections of 15 mg/kg sodium pentobarbital whenever needed. In an additional series of experiments the skin was prophylactically treated with iodine by placement of 1 ml of liquid iodine (formulation B) or its vehicle into the well for 2 hours. The liquid was then aspirated, and the placement of 1 ml of 75 C water into each well for 10 seconds was followed by water and well removal. Animals were sacri ced 4 days after treatment using 100 mg/kg sodium pentobarbital IP. Their backs were photographed alongside a ruler using a Kodak 260 digital camera. The ulceration area of each exposure site was assessed grossly by multiplying the length and width of the ulcerated area. Skin specimens were removed, xed in 10% neutral-buffered formalin, embedded in paraf n, sectioned at 5-6 l m, and stained with hematoxylin and eosin (H&E) for histopathological evaluation.
Histopathological Evaluation: Each skin section was evaluated without knowledge of the treatment group and scored for histopathological changes. The reactive and inammatory changes in the epidermis and dermis were assigned a severity grade of 0-4 representing unremarkable, minimal, mild, moderate, and marked changes, respectively. Epidermal parameters included subepidermal microblister formation, ulceration, necrosis, crust formation, hyperkeratosis, and acanthosis (epidermal hyperplasia). Dermal parameters included hemorrhage, in ammation (acute and subacute), necrosis, and brosis. In addition, the areas of epidermal acanthosis were estimated using grades of 0-6 as follows: 0-no acanthosis; 1-less than 1 3 of the epidermal area acanthotic, the remainder necrotic; 2-approximately 1 3 acanthotic, the remainder necrotic; 3-approximately 1 2 acanthotic, the remainder necrotic; 4-more than 1 2 but less than 2 3 acanthotic, the remainder necrotic; 5-more than 2 3 acanthotic, the remainder necrotic; 6-diffuse acanthosis with entire epidermal area acanthotic.
Quantitative Evaluation: To quantify the protective effect of the iodine formulations upon heat burns, we evaluated 27 skin specimens exposed to hot water only, 9 treated immediately after exposure with iodine (formulation A), and an additional 9 treated prophylactically with iodine (formulation B) before exposure. Skin specimens were collected 4 days after treatment. Results are expressed as the mean SEM using the nonparametric Mann-Whitney U-test for statistical comparison of the effects of prophylactic and postexposur e treatments of iodine on heat-induced skin burns.
Experimental Procedure-Hydro uoric Acid-Induced Burns: Guinea pigs were prepared and anesthetized as described for heat burns. Six sites on each back, 3 on each side, were exposed to 10 l l 60% hydro uoric acid (HF). Three sites on each animal were treated with 40 mg of formulation A, the iodine ointment, at 5, 10, and 15 minutes after exposure. Anesthesia was maintained for 3 hours after treatment. Animals were sacri ced, photographed, and evaluated as described for heat burns.
RESULTS

Thermal Burns-Gross Pathological Findings:
The macroscopic appearance of guinea pig skin exposed to 75 C water for 10 seconds and immediately thereafter treated topically with liquid iodine (formulation B, Figure 1A ) demonstrates the therapeutic effect of iodine in all these 3 treated sites when compared with the control sites. Evaluation of a series of experiments revealed statistically signi cant reductions of the ulceration area in the iodine-treated sites ( Figure 2 ). Postexposure treatment with a well or gauze pad containing formulation B, liquid iodine, reduced the ulceration area by 65% and 66%, respectively. Prophylactic treatment with the liquid was more effective and resulted in a 97% decrease in the ulceration area, compared with 42% reduction with vehicle alone. A similar pronounced effect (98% decrease in ulceration area) was observed in sites that underwent postexposure treatment with formulation A, the iodine ointment. The formulation A vehicle also signi cantly reduced damage (80%) as compared to the control group but the incorporation of iodine yielded a more ef cacious FIGURE 1A.-Macroscopic appearanc e of the protective effect of iodine upon heat-induced skin lesions. Six sites of shaved guinea pig back were exposed to 75 C water for 10 seconds; 3 left-side sites topically treated with iodine formulation B soaked in a gauze pad within 1 minute after exposure; photograp h taken 2 days after treatment.
preparation (90% reduction) for postexposure treatment of thermal burns.
Thermal Burns-Histopathological Findings. The histopathological ndings are exempli ed in the micrographs in (Figure 4 ), and the same trend, (50% increase) although not statistically signi cant, was observed with an additional healing marker, hyperkeratosis. These healing parameters constitute the most reliable histological proof of the effectiveness of iodine ( Figure 3A and C) . Postexposure treatment with iodine ointment (formulation A) also conferred a signi cant degree of therapy, albeit to a lesser extent than that observed in the prophylactic treatment with formulation B. Although the epider-FIGURE 1B.-Macroscopi c appearance of the protective effect of iodine on hydro uoric acid-induced skin lesions. Six sites of shaved guinea pig back were exposed to 60% HF; 3 left-side sites were topically treated with iodine formulation A 5 minutes after exposure; photograp h taken 3 days after treatment. mal healing markers were not elevated, some of the indicators of acute tissue damage, such as epidermal ulceration, and dermal acute in ammation and hemorrhage, were signi cantly reduced by 87%, 58%, and 30%, respectively (Figures 4  and 5 ).
Protective Effect of Iodine Against HF-Induced Skin Lesions:
The therapeutic effect of iodine upon the acid burn is demonstrated macroscopically in Figure 1B . None of the three sites treated with iodine developed ulceration, as compared to the untreated sites. Quantitative evaluations revealed statistically signi cant reductions of 76% and 68% in the ulceration areas at intervals of 5 and 10 minutes between exposure and treatment ( Figure 6 ). Although not statistically signi cant, the bene cial effect of iodine was also observed at the time interval of 15 minutes with a 56% reduction in the ulceration area.
DISCUSSION
Our results demonstrate the protective effect of the newly developed TG-containing iodine formulation upon heat-and acid-induced skin lesions. The practical implications of these data for human clinical use are meaningful; if the skin is treated early after exposure the injury can be greatly minimized. This investigation supports previous ndings demonstrating the ef cacy of a commercial povidone-iodine ointment in the treatment of human accidental heat burns (30) . The previous human study reported experience with 20 burn cases; since that report 20 additional burn cases have been investigated by the author. Immediate (within 2-3 minutes) topical treatment of heat burns with povidone-iodine resulted in prevention or signi cant reduction in skin damage (30) . Although this report provided important clinical information, it was based on sporadic observations of patients and lacked human controls. Moreover, the commercially obtained povidone-iodine and other iodine preparations exhibited a low ef cacy against thermal burns in the guinea pig (unpublished observation). Our present investigation demonstrates, by a controlled animal study, the therapeutic activity of the new type of iodine formulations upon heat-and acid-induced skin burns.
The main objective of our study was the development of ef cacious iodine formulation producing optimal protection. The TG (solvent)-containing formulation was shown to pro-vide the most potent protection. As explained in our previous report (33) , the superiority of this iodine formulation originates from its ability to dissolve molecular iodine in an aqueous environment. Molecular iodine (I 2 ) is practically waterinsoluble unless iodide as sodium or potassium salt is present in the solution (22) to form water-soluble I 3 . Other solvents such as ethanol may also dissolve iodine, but the presence of water precipitates it unless iodide is present to form the negatively charged I 3 . The TG-containing formulation presumably preserves the uncharged molecular form of iodine (I 2 ), thus allowing its penetration into the skin and preserving its molecular form in the aqueous environment of the epidermal extracellular uid so that it can exert its therapeutic activity. An additional advantage of iodine is that it manifested no skin-irritating effect, as con rmed by histological evaluation (data not shown).
Both prophylactic and postexposur e iodine treatments manifested bene cial protective effects against thermal burns. However, the former was more potent than the latter using the liquid preparation, whereas the iodine ointment was also signi cantly ef cacious in postexposur e treatment ( Figure 2) . The protective effect of iodine upon mustard gas-induced skin toxicity was previously demonstrated (33) at intervals of 15 and 30 minutes between exposure and treatment. This time interval was signi cantly shortened while treating thermal burns in which iodine was applied shortly after exposure (30) . This reduction coincides with the relatively slow toxicokinetics of mustard gas. Mustard gas causes erythema 20-30 minutes following exposure, with edema and blisters occurring hours and tens of hours after exposure (29) . In contrast, heat-induced burns develop much more rapidly. Iodine treatment of hydro uoric acid-induced skin burns is effective within 10-15 minutes after exposure (Figure 7) -a time interval between that found for mustard gas-and heat-induced skin burns.
As shown in the present and previous studies, iodine was ef cacious in all three types of tested burns. Differences in the effective interval between exposure and treatment may stem from the different timings of activation of pathological pathways inhibited by iodine. The hydrophobic and low molecular weight iodine molecule may be capable of penetrating cells and interfering with enzymatic processes leading to cellular damage and skin disruption.
Two possible mechanisms-inhibition of apoptosis or proteinase activity-may account for the protective effect of iodine therapy. Increasing evidence indicates that exposure to irritating factors is associated with the tendency of tissue to undergo programmed cell death. Heat shock-induced apoptotic cells were observed in cultured epidermal keratinocytes (16) , HL 60 cells (12) , and rat hair follicles (10) . The apoptosis-related p53 protein was induced in heat-injured guinea pig skin (19) . Apoptotic cells were also demonstrated after chemical stimuli. Apoptosis was observed, upon exposure to mustard gas and its derivatives, in cultured keratinocytes (24) , endothelial cells (8) and cytoplasts (14) , and thymocytes (13, 17) . In vivo studies have shown the appearance of apoptotic cells in mustard gas-exposed skin of weanling pigs (26) . The apoptotic process comprises a variety of biochemical reactions among which the activity of the cysteine proteinases, caspases, plays an important role (14, 15) . TOXICOLOGIC PATHOLOGY . The following types of treatment were evaluated: skin exposed to heat stimulus only (open bars, n 27), skin treated with liquid iodine (formulation B) for 2 hours prior to exposure to heat stimulus (dark bars, n 9), skin exposed to heat stimulus and immediately afterward treated with iodine ointment (formulation A, hatched bars, n 9). Results are expressed as mean SEM using the Mann-Whitney U-test for statistical evaluation of the differences between controls (heat stimulus only) and postexposur e and prophylacti c treatments. (a) p < 0.05, (b) p < 0.01, (c) p < 0.001. -Histopathologica l quanti cation of the protective effect of iodine against thermal burns in the dermal layer. Skin sections from guinea pigs exposed to 75 C water for 10 seconds, treated topically with iodine, and sacri ced 4 days after treatment; 5 dermal parameters were determined: acute in ammation (IA), subacute in ammation (IS), hemorrhage (H), necrosis (N), and brosis (F). The following types of treatment were evaluated: skin exposed to heat stimulus only (open bars, n 27), skin treated with liquid iodine (formulation B) for 2 hours prior to exposure to heat stimulus (dark bars, n 9), skin exposed to heat stimulus and immediately afterward treated with iodine ointment (formulation A, hatched bars, n 9). Results are expressed as mean SEM using the Mann-Whitney U-test for statistical evaluation of the differences between controls (heat stimulus only) and postexposur e and prophylacti c treatments. (a) p < 0.05, (b) p < 0.01, (c) p < 0.001. FIGURE 6.-Gross pathological quanti cation of the protective effect of iodine on HF-induced skin lesions. Each site on the guinea pig back was exposed to 10 l l 60% HF; iodine ointment (formulation A) was applied 5 (n 12), 10 (n 6), and 15 (n 9) minutes after HF exposure; controls (C, n 27) did not receive iodine treatment; ulcerated areas were measured 3 days following exposure. Results are expressed as mean SEM using the Kruskal-Wallis test and Dunnett's multiple comparison posttest for statistical evaluation of differences between experimental groups; (a) p < 0.001 for comparison between 5 minute interval and control; (b) p < 0.05 for comparison between 10 minute interval and control.
We hypothesize that iodine exerts its protective activity by inhibition of apoptotic processes, namely, by oxidizing sulfhydryl groups of either the active site of caspases or other functional proteins or peptides crucial for apoptosis. Apart from apoptosis-related proteinases, skin proteolytic activity may undergo activation upon receiving noxious stimuli. For instance, the cytotoxic effect of alkylating agents may be mediated by increased activity of proteinases (2, 3, 6, 7, 11, 21) . Supportive ndings have shown that proteinase (dispase) activity is experimentally employed for epidermal/dermal separation (25) . We thus speculate that the protective effect of iodine may be derived from its ability to inhibit apoptosis or proteinase activity crucial for the evolution of skin damage. These hypotheses are under investigation.
Although the mechanism of iodine-induced therapy requires further investigations, our study demonstrates usefulness of the newly developed iodine formulations as potent topical preparations to treat and protect against skin lesions caused by hot water and hydro uoric acid.
